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ABSTRACT

Padgett, Nicholas C. M. S. Department of Physics, Wright State University, 2016. High
Power Pulsed Terahertz Light Generation from Superconducting Antenna Arrays.

Terahertz radiation is invaluable for use in spectroscopy and imaging work due to its
nondestructive nature. It has become a key focus for those wishing to develop sensors
capable of detecting weapons and narcotics unobtrusively and at a distance as well as
characterizing materials and identifying defects. An ultrafast pulsed (femtoseconds) laser
incident on a superconducting ring has been predicted to cause the emission of terahertz
(THz) radiation. It is theorized that the radiation is a result of the supercurrent being
modulated by the breaking and recombining of Cooper pairs on the order of picoseconds,
where the time scale determines the frequency of the emitted radiation. We propose to
investigate the terahertz emission from Yttrium barium copper oxide (YBCO)
superconducting ring arrays of various geometries. Specifically, we will investigate the
dependence of the time dynamics of the terahertz radiation, the ultrafast femtosecond
laser pump power dependence and time dynamics, the antenna geometry, and the
efficiency of the system. The theoretical work completed thus far anticipates high power
and bandwidth in the terahertz regime. Furthermore, a complete characterization of the
emitted radiation will provide insight into the microscopic properties of the
superconductor's supercarriers. To realize the experimental testing of the superconducting
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ring arrays, a time-domain terahertz emission spectroscopy system will be designed and
tested with known terahertz source materials.
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1. INTRODUCTION
Terahertz (THz) spectroscopy and imaging has become an increasingly
valuable interdisciplinary tool for scientists and engineers interested in fundamental
material properties, spectroscopic fingerprinting, nondestructive evaluation (NDE),
and imaging (Tonouchi, 2007). THz radiation belongs to the portion of the
electromagnetic spectrum between the microwave and the infrared, typically though
not universally defined as the wavelengths between 30 𝜇m to 3 mm, or 100 GHz to
10 THz. Key properties associated with THz radiation that make it suited for such a
wide variety of applications include the following: non-ionizing, transparency to
plastics, reflectivity with metals, and its non-destructive nature. Notable applications
of NDE include imaging the insulating panels on the spaceshuttle (Karpowicz, 2005)
and analyzing paintings to corroborate authenticity (Goya, 2013).
THz radiation can be generated as a continuous wave (CW) or as a broadband
transient, referred to as a THz pulse or THz beam when the pulsed nature is
understood. As the name implies, CW THz radiation is sinusoidal in nature and
centered on a very narrowband of frequencies. Our particular interest, though, focuses
on pulsed THz radiation, a single-cycle transient that is on the order of a picosecond
in the time-domain. By the Heisenberg uncertainty principle, we see that these
transients, though short in time, are broad in frequency. The TPS Spectra 3000
manufactured by TeraView, for example, is a commercially available system that can
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generate THz pulses with a bandwidth from 0.06 - 4 THz. Detection techniques allow
THz pulses to be sampled in the time-domain, providing direct access to both the
magnitude and the phase of the electric field (Redo-Sanchez and Zhang, 2008).
Standard spectroscopic techniques can then by applied in the frequency-domain by
calculating the Fourier transform of the THz pulse.
As with any spectroscopic technique, there are pros and cons to THz timedomain spectroscopy (TDS). As this area of research progresses, these may shift.
Currently, some common strengths of THz TDS, using what will be referred to as
“conventional methods” (to be contrasted with novel sources of THz emission, later
on) include the following: 10,000:1 signal-to-noise ratio (SNR), pulse power of 10 nJ,
subpicosend pulse widths, 14 mV pulses at a repetition rate of 76 – 100 MHz
(Grischkowsky, 2000). Time-domain detection is, in general, more sensitive and more
informative than the bolometer, a standard device for measuring total power output.
Though theses conventional methods of THz TDS have generated a wealth of
new science in the last 20 years, there are obvious pitfalls that continue to motivate
research efforts. Conventional pulsed THz sources lack power and efficiency as
compared to radiation sources operating in other parts of the electromagnetic
spectrum (Mukherjee and Gupta, 2008). The lack of power directly contributes to an
increased length of time required to perform spectroscopic experiments, which can be
several minutes up to hours in order to capture the pulse in the time-domain. For a
device under test (DUT) that is stable over such time scales, there is no issue;
however, bench science continues to expand ever more into the extremely small and
extremely fast. On the applied side of things, imaging with pulsed THz has been
2

suggested for use as a noninvasive and nondestructive imaging system to determine
for weapons and narcotics detection. (Ferguson and Zhang, 2002). Such a device is
unrealistic for field use when data collection cannot happen in real-time.
This thesis focuses on the characterization of single-cycled THz radiation
from a novel type-II high-temperature superconducting source. The proposed system
consists of an array of yttrium-barium-copper-oxide (YBCO) loop antennas on a
sapphire substrate that are held at a temperature 𝑇 < 𝑇𝑐 , inductively charged with a
time-varying magnetic field or ultrafast laser pulse, and triggered with an ultrafast
laser pulse (Bulmer et al, 2015). 𝑇𝑐 is the critical temperature of the superconductor, a
material-specific quantity which, if exceeded, internal thermal excitations prevent the
material from entering the superconducting state. The superconducting state is
characterized by several parameters but can be summarized as a state in which the
material possesses zero resistivity. It has been theorized that such an antenna system
will yield upwards of six orders of magnitude of power beyond conventional methods
with a bandwidth that will stretch from the radio frequency (RF) to the far-infrared,
including terahertz frequencies. Preliminary experimental evidence is promising
(Bulmer et al, 2015).
I will elucidate the conventional methods for generating and detecting pulsed
THz, enumerate the pros and cons of the techniques, provide a brief review of type-II
high-temperature superconductors, introduce the experimental setup for the novel
antenna arrays, and conclude with remarks in regard to the future of this work.
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2. BACKGROUND
2.1 From Ultrashort Laser Pulses to THz Pulses
The development and refinement of ultrafast lasers has been critical to the field of
THz TDS since the laser acts as both the triggering mechanism for generation and plays a
vital role in detection. Specifically, the field became much more accessible with the
advent of the Ti:Sapph oscillator, an ultrafast laser that uses a titanium-sapphire crystal as
its gain medium and is now commercially available with pulse widths easily achieved in
the 100 fs to 15 fs range. One of our lasers, for example, is the Coherent Micra-10, a
Ti:Sapph oscillator with a pulse width of approximately 20 fs. Figure 1 shows the electric
field (in arbitrary units) of a single pulse as a function of time.

Figure 1. 𝐸𝑙𝑎𝑠𝑒𝑟 (𝑡), the electric field of the ultrafast laser pulse as a function of time. The
Coherent Micra-10 Ti:Sapp oscillator produces a pulse of approximately 20 fs, 600 mW
average power, and an 80 MHz repetition rate with a pulse energy on the order of
nanoJoules.
4

In the frequency-domain, I remind the reader that a pure continuous wave (CW)
appears as a delta function corresponding to the frequency of the wave (and naturally, the
same is true in terms of wavelength). Figure 2 shows the intensity (in arbitrary units)
versus the wavelength of the Micra-10 ultrafast pulse as measured by a spectrometer. We
see that the pulse has a full-width half-max (FWHM) of approximately 40 nm (i.e., a
pulse width of approximately 17 fs) and a center wavelength of 800 nm, a common
output for a Ti:Sapph laser.

Figure 2. The output of a spectrometer showing intensity versus wavelength of the
Coherent Micra-10 with a center wavelength of 800 nm and FWHM of 40 nm.
Though the physics and engineering feats associated with the development of
ultrashort lasers is fascinating, it is not necessary here. Two final points that are critical
for understanding the generation and detection of sub-picosecond long THz pulses: First,
5

the ultrafast laser emits a train of identical pulses, with the repetition rate determining the
number of pulses per second. Second, there is a considerable amount of time, relatively
speaking, that passes between each pulse, a fact that will become vital when we discuss
detection of a THz pulse as well as the laser’s role in pump-probe spectroscopy. Consider
the Micra-10 once more. It has a repetition rate of 80 MHz, which is to say, the laser
emits 80 million pulses per second. Though the pulse width itself is on the order of tens
of femtoseconds, the time between pulses is 12.5 ns, six orders of magnitude greater than
the pulse width.
The two conventional methods for generation of pulsed THz radiation rely on the
use of an ultrafast laser, either incident on a photoconductive antenna (PCA) or a
nonlinear crystal, and both produce single-cycle THz pulses on the order of picoseconds
or less. It is trivial to see that detection of such a short pulse in the time-domain can be
challenging as it requires a measuring device that reacts on a time-scale much shorter
than a picosecond if any sort of worthwhile temporal resolution is desired. Conveniently
enough, the same ultrafast laser that is used for generation can also be used for detection
by splitting the ultrafast pulse with a beam splitter into a pump beam and a probe beam.
The beam that is used to trigger the THz source is called the pump beam. The beam used
for detection, is called the probe beam. The ratio for power of the pump:probe can range
from 3:1 up to 9:1 or more, though that fraction is heavily dependent on the particular
experimental setup.
I will explain two standardized methods for generating THz pulses and two
methods for detecting THz pulses in the time-domain. Then, I will demonstrate the power
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of time domain measurements for a spectroscopic analysis of material characteristics.
Lastly, I will discuss the weakness of the conventional techniques.
2.2 Terahertz Generation
Two conventional methods for generating single-cycled, or pulsed, THz radiation
with the use of an ultrafast laser are considered: Photoconductive antennas (PCA) and
Optical rectification.
2.2.1 PCAs
The most common PCA for THz generation is a voltage-biased dipole antenna
consisting of titanium and gold lithographically fabricated transmission lines deposited
on a substrate of gallium arsenide (GaAs), a III-V semiconductor with a high carrier
mobility and fast carrier recombination rate (Grischkowsky, 2000) (Tani et al, 1997).
Figure 3 shows the typical layout of such a PCA with some characteristic lengths, i.e., the
transmission lines are 5 microns wide, the dipole gap is about 5 microns wide, and the
GaAs substrate is 40 microns by 80 microns.

Figure 3. An ultrashort laser pulse (red) illuminates the gap in the dipole transmission
lines of the voltage-bias PCA, freeing electrons from the valence band, which are
accelerated by the voltage-bias, emitting a THz transient.
7

Multiple mechanisms are at work in the generation of the THz pulse from a PCA.
An ultrafast laser pulse is incident on the gap of the dipole antenna (the pump beam in
red in Figure 3 and 5). The bandgap of GaAs is approximately 1.42 eV (Figure 4), and
the photon energy of 800 nm electromagnetic radiation (such as the Micra-10 ultrafast
oscillator) is 1.55 eV; as stated before, the ultrafast oscillator’s operational wavelength is
intimately connected to THz radiation. The ultrafast laser pulse, then, has just enough
energy to photoexcite electrons from the valence band to the conduction band in the
GaAs substrate. The voltage bias accelerates the now-free charge carriers, which emit
𝜕𝐽

electromagnetic radiation such that 𝐸𝑇𝐻𝑧 ∝ 𝜕𝑡 , where 𝐸𝑇𝐻𝑧 is the electric field of the THz
pulse and 𝐽 is the current density of the free charges. A complete derivation showing this
proportionality can be found in (Lee, 2009).

Figure 4. The band diagram of GaAs. Circled in yellow is the direct bandgap in the Γ
valley, approximately 1.42 eV. (Reprinted from Rohfling et al, 1993)
8

At this point, the aforementioned timescales come into bearing. The ultrashort
laser pulse is on the order of femtoseconds, so the photoexcitation comes and goes
quickly, relative to the recombination time of the charge carriers, which is on the order of
picoseconds. Furthermore, the time between ultrafast pulses is (again, considering the rep
rate of the Micra-10, 80 MHz) 12.5 ns, affording the PCA an ample amount of time to
settle back into its ground state before the next ultrafast pulse arrives. This last point is
critical such that the PCA emits a train of identical THz pulses, insofar as the ultrafast
laser emits a train of identical pulses, which is a necessary condition for time-domain
detection.
More than 90% of the THz radiation propagates through the substrate due to the
refractive index mismatch between GaAs and air. A side view of the PCA, as in Figure 5,
shows the hyperhemispherical lens that is affixed to the backside of the GaAs substrate.
This lens is typically made of high resistivity silicon, which has an index of refraction, at
terahertz frequencies, nearly equal to that of the GaAs substrate and outcouples the THz
pulse. Without the lens, the index of refraction mismatch of the GaAs-air boundary
would reflect most of the THz pulse back into the substrate. The lens also serves to focus
or collimate the THz beam.

9

Figure 5. A side view of the PCA showing a silicon hyperhemispherical lens that
outcouples and focuses the THz beam generated in the GaAs substrate. The side view
diagram is a recreation (Gregory et al, 2005).
In the case of high mobility semiconductors with narrow bandgaps, e.g. InAs,
InSb, or GaSb, the photo-Dember effect is sufficiently strong to generate THz radiation
without an external voltage bias, as is applied to a GaAs PCA (Ascazubi et al, 2006). The
photo-Dember effect is characterized by an effective dipole inside of the semiconductor
that is induced in the direction of spatial asymmetry (i.e., normal to the surface of the
semiconductor). In the case of a photo-Dember emitter with an electron mobility that is
greater than the hole mobility, the effective dipole points inward from the surface. As
with a voltage-biased PCA, an ultrafast laser pulse is incident on a photo-Dember THz
emitter and excites electrons from the valance band. Now, instead of being accelerated
by an applied voltage, the effective dipole arises from the significant difference between
the mobility of electrons from that of the holes, so that the electrons separate from the
holes spatially. This effective dipole changes in time on the order of picoseconds and
emits THz radiation. Photo-Dember THz emitters produce a THz pulse with a higher
bandwidth than conventional PCA THz emitters since there is no dependence on the
antenna structure (Klatt et al, 2010) furthermore, require no fabrication.
10

Figure 6. The surface of a high mobility semiconductor, such as InAs, with a laser pulse
of energy 𝐸 = ℏ𝜔 ≫ 𝐸𝑔𝑎𝑝 = 0.34 𝑒𝑉 incident. The difference in mobilities between the
electrons and the holes creates a spatially varying dipole moment which radiates a THz
pulse.

Figure 7. A THz pulse emitted from p-doped InAs. The electric field is measured in
arbitrary units (a.u.).
11

2.2.2 Optical Rectification
THz radiation is generated by optical rectification by the following process. An
applied electric field provided by an ultrafast laser pulse is incident on an noncentrosymmetric crystal (e.g. ZnTe), which induces a time-varying polarization in the
crystal. The time-varying polarization emits a THz pulse. The mathematical formulation
is now expanded in full, following Lee in the Principles of Terahertz Science and
Technology (2009).
The 𝑖 𝑡ℎ Cartesian component (x,y,z=1,2,3) of bulk polarization of material 𝑃𝑖 is
related to an applied electric field E according to the following equation [1]
(1)

(2)

(1)

𝑃𝑖 = 𝜖0 (χij Ej + χijk Ej Ek + ⋯ ) = 𝑃𝑖

(2)

+ 𝑃𝑖

+ ⋯ [1]

where repeated indices are summed over per the Einstein convention, 𝜖0 is the
(1)

(2)

permeability of free space, 𝜒𝑖𝑗 is the first order electrical susceptibility tensor, and 𝜒𝑖𝑗𝑘
is the second order nonlinear electrical susceptibility tensor. In the case of homogenous
(1)

and linear media, 𝜒𝑖𝑗 = 0 ∀ 𝑖 ≠ 𝑗, and, with the additional condition that the media is
isotropic, we have 𝜒𝑥𝑥 = 𝜒𝑦𝑦 = 𝜒𝑧𝑧 = 𝜒, yielding the familiar relationship
𝑃𝑖 = 𝜖0 𝜒𝐸𝑖 [2]
We are interested in the second order nonlinear term for THz generation
(2)

𝑃𝑖

(2)

= 𝜖0 χijk Ej Ek [3]
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(2)

(2)

For the case in which 𝜒𝑖𝑗𝑘 = 𝜒𝑖𝑘𝑗 (as is the case for ZnTe), the nonlinear susceptibility
tensor can be written in contracted form

𝑑𝑖𝑙 =

1 (2)
𝜒 [4]
2 𝑖𝑗𝑘

where
l=

1

2

3

4

5

6

𝑗𝑘 =

11

22

33

23, 32

31, 13

12, 21

The components of the polarization are described by the following matrix equation

𝑃𝑥
𝑑11
𝑃
𝑑
𝑷 = ( 𝑦 ) = 2𝜖0 ( 21
𝑑31
𝑃𝑧

𝑑12
𝑑22
𝑑32

𝑑13
𝑑23
𝑑33

𝑑14
𝑑24
𝑑34

𝑑15
𝑑25
𝑑35

𝐸𝑥2
𝐸𝑦2
𝑑16
𝐸𝑧2
𝑑26 )
[5]
2𝐸𝑦 𝐸𝑧
𝑑36
2𝐸𝑧 𝐸𝑥
2𝐸
( 𝑥 𝐸𝑦 )

For the particular case of a ZnTe crystal, which is most often used for both generation
and detection of THz, the d-matrix contains only one independent element and three nonzero elements in total

𝑑𝑍𝑛𝑇𝑒

0
= (0
0

0 0 𝑑14
0 0 0
0 0 0

0
𝑑14
0

0
0 ) [6]
𝑑14

For an arbitrary electric field E with an amplitude 𝐸0 , we have
𝐸𝑥
sin 𝜃 cos𝜙
𝑬 = (𝐸𝑦 ) = 𝐸0 ( sin 𝜃 sin𝜙 ) [7]
𝐸𝑧
cos𝜃
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which, together with [5] and [6], shows that the induced polarization 𝑷 depends on the
angle of incidence of the applied electric field E [8].
𝑃𝑥
cos 𝜃 sin𝜙
2
𝑃
𝑷 = ( 𝑦 ) = 4𝜖0 𝑑14 𝐸0 sin(𝜃) ( cos 𝜃 cos𝜙 ) [8]
sin𝜃 sinϕ cos𝜙
𝑃𝑧
For 𝜙 =

𝜋

(or
4

3𝜋
4

), the polarization P is maximized. The intensity of the emitted THz
2

pulse is proportional to |𝑷|2 and is maximized for = sin−1 √3 . The preceding results
dictate that an applied electric field parallel to the [111] or [111] crystal axes will
generate the greatest intensity THz pulse.
We now choose an applied electric field as
sin 𝜃 cos𝜙
𝐸(𝜃, 𝜙, 𝑡) = 𝐸0 𝑒 𝑖𝜔𝑡 ( sin 𝜃 sin𝜙 ) [9]
cos𝜃
such as a CW laser at a frequency 𝜔 but with the same angular dependence and
amplitude as [8]. Now, plugging [6] and [9] into [5] and simplifying shows that the
induced polarization 𝑷 is constant:|𝑷| ∝ |𝐸0 |2 . This is called optical rectification, since a
sinusoidal wave is the input and the output is steady-state.
Things get interesting when we consider an ultrafast laser pulse, our pump pulse,
which has the general form [10] where 𝜔 is the center wavelength and the constant 𝑎
defines the envelope of the pulse.

𝐸(𝜃, 𝜙, 𝑡) = 𝐸0 𝑒

𝑖𝜔𝑡 −𝑎𝑡 2

𝑒

14

sin 𝜃 cos𝜙
( sin 𝜃 sin𝜙 ) [10]
cos𝜃

2

Plugging [10] into [5] and, after simplifying, we find |𝑷| ∝ |𝐸0 |2 𝑒 −2𝑎𝑡 , a time varying
polarization. The wave equation derived from Maxwell’s equations [11] shows that a
time varying polarization P gives rise to a freely propagating electric field, which, in our
case, is the THz field, 𝑬 𝑇𝐻𝑧 with an index of refraction 𝑛𝑇𝐻𝑧
𝑛2𝑇𝐻𝑧 𝜕𝑬 𝑇𝐻𝑧
1 𝜕𝑷(2)
∇ 𝑬 𝑇𝐻𝑧 − 2
=
[11]
𝑐
𝜕𝑡
𝜖0 𝑐 2 𝜕𝑡
2

Velocity matching of the THz pulse and the pump pulse is critical in order to
prevent destructive interference as the two waves pass through the crystal; thus, 𝑛𝑇𝐻𝑧
should be close to 𝑛0 , the index of refraction of the pump pulse in the crystal. Once
again, the Ti:Sapph ultrafast oscillator demonstrates why it is so often a choice for the
THz community. These lasers produce a pulse with center frequency of around 800 nm
which works well with the previously mentioned and judiciously chosen crystal, ZnTe.
2.3 Terahertz Detection
Time-domain detection of a THz pulse is more involved than other well-known
measurement techniques that are utilized in the analysis of other portions of the EM
spectrum, such as the bolometer or horn antenna. The benefit of TDS is the direct
measurement of the electric field of the THz pulse as it evolves in time, including both
amplitude and phase information, even though that evolution is on the order of a
picosecond. This time-domain measurement can then be transformed into the frequencydomain via a Fourier transform; in practice, this is executed with the computationally
more efficient Fast Fourier Transform (FFT).
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A THz pulse is not measured directly; rather, retrieval of its information is done
with a probe pulse. As previously stated, THz TDS is heavily dependent on an ultrafast
laser pulse, an optical pulse that is passed through a beam splitter to produce a pump
beam and a probe beam. The pump beam is used to generate a train of identical THz
pulses, as described in Section 2.2. The probe beam, which is simply a train of pulses
with a (generally) lower average power than the pump beam, is used in the detection
process; this beam “probes” the THz pulse, carrying the information to a conventional
device that is sensitive to optical radiation. A typical THz pulse is shown in Figure 7 in
blue, and the probe pulse is shown in red, appearing as essentially a line in the timedomain as compared to the THz pulse. By varying the arrival time of the THz pulse on
the detector, which is akin to holding the probe pulse (red line) stationary and
incrementally moving the THz pulse (blue) forward and backward through the probe, the
entire electric field can be mapped.
There are two basic detectors—or rather, detection setups—that are used to detect
a THz pulse in the time-domain: 1. A current-biased photoconductive antenna (PCA), and
2. electro-optic (EO) detection (or sampling). I will describe the two fundamental
detection setups for pulsed THz radiation, explain the strength of EO detection over PCA
detection, and then elucidate some real world obstacles to successful detection. Lastly, I
will show what material properties we can access with THz time-domain spectroscopy
and how we calculate them.
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Figure 8. The THz pulse (blue) depicted here is about 4 ps. The probe pulse (red) is about
20 fs, and appears as essentially a line by comparison. The THz pulse cannot be
measured directly. By varying the arrival time of the THz pulse, the probe pulse can map
the entire waveform.
2.3.1 Low Temperature Grown (LTG) GaAs PCA Detector
Low temperature grown (LTG) GaAs is usually grown by molecular beam
epitaxy at substrate temperatures as low as 200 ° 𝐶 to 350° 𝐶, compared to GaAs which
is grown in the range 550° 𝐶 to 650° 𝐶 (Ma, 2004). Detection by LTG GaAs fabricated
into a PCA (as described in 2.2.1) is quite similar to generation by GaAs, and the PCA
itself is nearly identical with the exception of the voltage-bias being replaced with a
current bias. Following (Lee, 2009) once more, we can unpack the process. A probe pulse
is incident on the detector simultaneous to the THz pulse. The probe pulse frees charge
carriers, and the electric field of the THz pulse induces a current in the material, which is
recorded. As the timing of the THz pulse is varied according to the optical delay
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prescribed above, the THz pulse is mapped as a function of current. This current, quite
weak(sub-nanoamp range), is amplified with a current amplifier. Additionally, many
experimental setups of this sort will include an optical chopper tied to a lock-in amplifier
for significantly improved signal-to-noise ratios. The basic layout with characteristic
lengths is presented in Figure 8.

Figure 9. Characteristic lengths of an LTG GaAs PCA detector (Kamo et al, 2014).
(Image recreated from Yin et al, 2012.) The probe pulse (yellow) creates free charge
carriers, and the THz pulse (green) induces a current. As the arrival time of the THz pulse
is varied, the current that is measured is seen to vary linearly.
A THz pulse detector needs to switch faster than a picosecond, since a picosecond
represents the temporal width of a standard THz pulse. Such a short time window
requires a material that can be switched on and off rapidly; in other words, the free
carriers created by the probe pulse should relax on the same order as the duration of the
probe pulse (Lee, 2009). Hence, the preferred material is LTG GaAs, which has a
relaxation time that is three orders of magnitude shorter than GaAs—1 ps compared to 1
ns (Beard et al, 2001) due to arsenic defects that emerge during the “cold” growth process
(Ma, 2004).
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A single LTG GaAs PCA detector is compact and can be used for years before
breakdown. It has, however, an inherent bandwidth limitation that is at odds with ongoing
research into novel, wideband THz sources, including the very work of this thesis. To
show this, we must dig deeper into the photocurrent induced by the THz pulse. In the
time-domain, the current density 𝐽 induced by the THz pulse 𝐸𝑇𝐻𝑧 is
𝑡

𝐽(𝑡) = ∫ 𝜎𝑠 (𝑡 − 𝑡 ′ )𝐸𝑇𝐻𝑧 (𝑡 ′ )𝑑𝑡′ [12]
−∞

where 𝜎𝑠 is the transient surface conductivity of LTG GaAs at time 𝑡 in response to the
THz pulse 𝐸𝑇𝐻𝑧 at some earlier time 𝑡′. The convolution theorem is valid here, so taking
the Fourier transform gives
𝐽̃(𝜈) = 𝜎̃𝑠 (𝜈)𝐸̃𝑇𝐻𝑧 (𝜈)[13]
where 𝐽̃(𝜈), 𝜎̃𝑠 (𝜈), and 𝐸̃𝑇𝐻𝑧 (𝜈) are the Fourier transforms of 𝐽(𝑡), 𝜎𝑠 (𝑡), and 𝐸𝑇𝐻𝑧 (𝑡)
respectively. Immediately, it becomes apparent that our detection setup is frequency
dependent, and further calculations have shown that the cutoff frequency for measureable
detection is ~4 THz (Lee, 2009). Luckily, the other preferred detection technique does
not suffer from this bandwidth limitation.
2.3.2 Electro-optic (EO) Detection
EO detection utilizes a change in the second-order nonlinear polarization of a
material, similar to optical rectification, due to an applied electric field. As is the case for
LTG GaAs detection, the THz pulse is incident on an appropriately chosen crystal and
induces a birefringence; that is, the index of refraction of the crystal becomes dependent
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on the polarization and the field strength of the incident radiation. The preferred crystal
for a Ti:Sapph ultrafast laser with center wavelength of 800 nm is ZnTe for the same
reason as before: the probe pulse and the THz pulse velocities through the crystal are well
matched and destructive interference is minimized.
The setup consists of the THz pulse 𝐸𝑇𝐻𝑧 and the probe pulse 𝐸𝑃 collinear and
propagating in the z-direction through the ZnTe crystal (Figure [8]). The two beams are
linearly polarized in the same direction before they reach the ZnTe, so we have
𝑬 𝑇𝐻𝑧 = 𝐸𝑇𝐻𝑧 𝑥̂ [14]
and
𝑬𝑃0 = 𝐸𝑃0 𝑥̂ [15]
A quarter waveplate is located after the ZnTe and is adjusted such that the probe beam is
circularly polarized in the absence of the THz pulse
𝑬𝑃0 = 𝐸𝑃𝑥 + 𝐸𝑃𝑦 =

𝐸𝑃0
√2

(𝑥̂ + 𝑦̂) [16]

The probe pulse then passes through a polarizing beam splitter, producing two beams of
equal intensity that are incident on a pair of photodiodes, 𝐷𝑥 = 𝐷1 and 𝐷𝑦 = 𝐷1 (Figure
[8]). Each photodiode outputs a current that is proportional to the intensity of the incident
field, and taking the difference in output currents, 𝑖𝑥 − 𝑖𝑦 , yields zero.
In the presence of the THz pulse, the ZnTe becomes birefringent, and the change
in the index of refraction Δ𝑛 is related to the unperturbed index of refraction 𝑛0 , 𝐸𝑇𝐻𝑧 ,
the EO coefficient 𝑟41 = 𝑑14 , where 𝑑14 is the second-order nonlinear susceptibility
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(2)

(2)

(2)

tensor 𝜒𝑖𝑗𝑘 under the condition 𝜒𝑖𝑗𝑘 = 𝜒𝑖𝑘𝑗 that we encountered in (2.2.2), the thickness
of the crystal 𝐿, the speed of light 𝑐, and the angular frequency of the probe pulse 𝜔
Δ𝑛 =

𝜔𝐿
𝑐

𝑛03 𝑟41 𝐸𝑇𝐻𝑧 [17]

The change in the index of refraction Δ𝑛 is small (Δ𝑛 ≪ 1) and is related to the
2
intensities, 𝑖𝑥 and 𝑖𝑦 , and the initial intensity of the probe 𝑖0 ∝ 𝐸𝑃0

𝑖𝑥 =

𝑖𝑦 =

𝑖0
2

(1 − sin Δ𝑛) ≈

𝑖0

(1 + sin Δ𝑛) ≈
2

𝑖0
2

𝑖0
2

(1 − Δ𝑛) [18]

(1 + Δ𝑛) [19]

Taking the difference in outputs from the photodetector,
𝑖𝑦 − 𝑖𝑥 = 𝑖0 Δ𝑛 =

𝑖0 𝜔𝐿
𝑐

𝑛03 𝑟41 𝐸𝑇𝐻𝑧 ∝ 𝐸𝑇𝐻𝑧 [20]

we have successfully captured the electric field of the THz pulse at a moment in time. A
schematic of an EO detection setup is found in Figure 8.

Figure 10. Electro-optic detection schematic with a ZnTe crystal oriented in the <1 1 0>
direction. The probe and THz pulses are collinear and polarized in the same direction
prior to the ZnTe.
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The THz pulse is an object that is several orders of magnitude larger than the
probe pulse in the time-domain, so we have only measured a small piece of the
waveform. By varying the arrival time of the THz pulse and making many differential
intensity measurements, we can map the entire THz pulse in the time-domain. To
optimize SNR, an optical chopper tied to a lock-in amplifier is once again used.

Figure 11. A THz pulse generated from p-doped InAs using the photo-Dember effect and
a Ti:Sapp ultrafast laser (Micra-10 made by Coherent) and detected with EO sampling
with a ZnTe crystal oriented in the <1 1 0> direction. The electric field is in arbitrary
units (a.u.).
2.3.3 General Comments on Detection
I have explained the role of the probe pulse and the physical mechanisms that
drive the two most common pulsed THz detectors, and each method relied on
incrementally adjusting the arrival time of the THz pulse at the detector. I would like to
now delve into that process and show how a picosecond waveform can be mapped with
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subpicosecond resolution. Lastly, I will consider some inherent real world difficulties that
can and cannot be overcome when dealing with an ultrafast laser generated THz pulse.
Detection begins, in a way, as soon as the ultrafast laser pulse leaves the laser
cavity. We will begin there, and for the sake of simplicity, pretend the ultrafast laser
produces two pulses simultaneously, one for the pump and one for the probe. The probe
pulse travels in the z-direction from the ultrafast laser cavity to the photoconductive
detector a distance 𝑧𝑝𝑟𝑜𝑏𝑒 in the amount of time 𝑡𝑝𝑟𝑜𝑏𝑒 =

𝑧𝑝𝑟𝑜𝑏𝑒
𝑐

, where c is the speed of

light in a vacuum (our experiment is in air which has a negligible effect on this speed).
The pump pulse also travels from the ultrafast laser cavity to the photoconductive emitter
a distance 𝑧𝑝𝑢𝑚𝑝 in a time 𝑡𝑝𝑢𝑚𝑝 =

𝑧𝑝𝑢𝑚𝑝
𝑐

, generating a THz pulse which travels from the

emitter to the detector a distance 𝑧𝑇𝐻𝑧 in time 𝑡𝑇𝐻𝑧 =

𝑧𝑇𝐻𝑧
𝑐

. The THz pulse has a definite

width in the time domain (on the order of a picosecond) which we call Δ𝑡. Simultaneous
arrival of the THz pulse and probe pulse at the detector requires that following to be true:
𝑡𝑝𝑟𝑜𝑏𝑒 = 𝑡𝑝𝑢𝑚𝑝 + 𝑡𝑇𝐻𝑧 + Δ𝑡. Note, then, that the simultaneous arrival is only possible up
to Δ𝑡, the pulse width. By varying the path length of the pump pulse a distance Δz =

Δ𝑡
𝑐

in

small increments 𝛿𝑧, the arrival of the THz pulse at the detector is varied accordingly,
and the probe pulse effectively samples the entirety of the THz pulse. Said another way,
we experimentally measure 𝐸𝑇𝐻𝑧 (𝑧) but the transformation from the spatial-domain into
the time-domain 𝐸𝑇𝐻𝑧 (𝑧) → 𝐸𝑇𝐻𝑧 (𝑡) is a trivial substitution.
The incremental change in path length δz is provided by an optical delay rail, a
retroreflecting mirror on a translation stage that is synchronized to the lock-in amplifier.
By varying the path length δz in increments of 3 microns, we achieve a resolution in the
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time-domain of 10 fs. This is powerful: micrometers are easy to come by; a camera with
a shutter that opens in closes in a few femtoseconds is not. For a THz pulse that that has a
width of 1 ps, we find that 100 steps at 𝛿𝑧 = 3 microns per step would be sufficient to
traverse Δ𝑧 and sample the THz pulse from beginning to end.
The preceding description has taken for granted that the THz pulse that we are
detecting is somehow one pulse, but I have already stated that we are generating a train of
THz pulses. Thus, when we sample Δ𝑧 in steps of 𝛿𝑧, we are actually detecting a tiny
portion of very many THz pulses. The implicit assumption here is that they are perfectly
identical, and we are reconstructing the THz pulse. In reality, the ultrafast laser does not
produce a chain of perfectly identical pulses, and consequently, each THz pulse is not
actually identical. To be sure, they are close, just not perfect. Furthermore, there is
electrical noise in the detection equipment, and vibrations throughout the building that
may go unnoticed by the researchers but not by the precision equipment involved in the
experiment. The imperfections in the pulses and the noise are quite easily overcome but
at an expense. Instead of sampling the THz pulse just one time with a step size of 3
microns and for a total of 100 steps, for example, we repeat the scanning process three,
five, seven, or more times and average each scan, minimizing the random errors. So, we
trade the rapidity of a single scan for the precision of the averaged THz waveform.
Repeated measurements and averaging the data cannot overcome all obstacles.
Ti:Sapph lasers are engineering marvels, but as any precision piece of equipment, there is
a lot of room for problems to arise, and many are associated with the core of concept
behind the ultrafast laser pulse: modelocking. Modelocking is the very thing that takes a
CW laser and turns it into a source of ultrashort laser pulses. The brief description is that
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the length of the laser cavity and the CW laser oscillating back and forth collinearly in
such a manner that a fixed-phase relationship between longitudinal modes causes
destructive interference for everywhere in time except for a very short burst. The very
short burst, being in-phase, constructively interferes and is amplified. This is the ultrafast
laser pulse. Hitting the laser and causing a vibration, for example, would disturb the
optical elements and, at least temporarily, destroy the modelocked state. Similarly,
expansion of the cavity or of any of the optical elements due to temperature variations in
the lab can prevent or disrupt modelock. The question that is begged is, when is the laser
in peak working order for an experiment to be successful?
Knowing the health of the ultrafast laser is often not straightforward. There is a
state of unstable modelock, in which a spectrometer shows the Gaussian shape of an
ultrafast pulse, suggesting that the laser is working correctly (e.g. Figure [1]). On a much
shorter timescale than the spectrometer measures, the pulse is vibrating as unintended
modes—modes that would destructively interfere with each other ordinarily—begin to
surface. An oscilloscope may be employed, which can provide better resolution of the
stability than a spectrometer, but it still cannot provide complete diagnostic information.
The reason is simple: the ultrashort pulse is on the order of femtoseconds, and nothing
responds on this timescale except other ultrafast laser pulses. The point is driven home
when we consider that measuring the quality of an ultrashort laser pulse is its own area of
research, and, to-date, indirect methods of approximation exist for most researchers (with
the exception, perhaps, of Dr. Rick Trebino and Dr. Daniel J. Kane and their invention of
Frequency Resolved Optical Gating, or FROG). For most of us, the instability is
manifested experimentally when no amount of realigning of the tabletop optics nor
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increasing averaging nor decreasing the incremental step size of the optical delay rail
provides a clear and reproducible THz pulse. The trouble is that the “proof is in the
pudding.” The ultimate test of how well the laser is performing is in the reproducibility of
the measurements up to and including our expectations of an acceptable SNR. Such
considerations fall somewhere between the “art of the science” and being familiar with
the laboratory and its equipment.
2.4 Terahertz Time-Domain Spectroscopy (TDS)
After a THz generation technique is chosen and constructed, a detection scheme is
chosen and constructed, the laser is running smoothly, and the optical delay line has been
successfully synced to the optical chopper and lock-in amplifier, we are ready for
experimental THz time-domain spectroscopy. The claim that has been made thus far is
that TDS provides access to a number of important material properties with a single
measurement since capturing the electric field in the time-domain provides both
amplitude and phase information. Following (Stoik, 2008), I will show what these
properties are and precisely how we calculate them.
THz TDS can be performed in either reflection or transmission mode. I present
transmission data for a sample of high density polyethylene (HDPE) with a 3.07 mm
thickness. The initial measurement is of the transmitted THz pulse through the sample in
the time-domain, called 𝐸𝑠 (𝑡) (“s” for sample, the object of interest, blue in Figure [12]).
A reference measurement must also be taken, most often chosen to be of air, 𝐸𝑟 (𝑡) (“r”
for reference, green in Figure [12]). Material properties are frequency dependent, so
calculations are carried out in the frequency-domain, which requires the Fourier
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transform of 𝐸𝑠 (𝑡) and 𝐸𝑟 (𝑡). In reality, a Fast Fourier Transform (FFT) is taken for its
computational efficiency (Figure [12]); I choose to use Matlab for these calculations.

Figure 12. Time-domain measurements of a sample of high density polyethylene (HDPE)
(blue) and of a reference, air (green). The electric field is measured in arbitrary units.
For HDPE, the time-domain measurements show the two pulses look quite
similar. 𝐸𝑠 (𝑡) has a slightly smaller peak amplitude and is shifted forward in time. HDPE
is known to be highly transparent in the THz range, so 𝐸𝑠 (𝑡) should look very similar to
𝐸𝑟 (𝑡). The index of refraction, however, is 𝑛𝑠 = 1.46, greater than air 𝑛𝑟 = 1, causing
𝐸𝑠 (𝑡) to be delayed in time with respect to 𝐸𝑟 (𝑡). The FFT of the pulses is presented in
Figure [13] and provides qualitative support for these observations.
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Figure 13. FFT of the time-domain data presented in Figure 12. The blue spectrum
corresponds to the transmission of the THz pulse through the sample (HDPE), and the
green is the reference spectrum (taken in air).
The ratios of the electric fields of the sample to the reference are related
𝛼𝑑 𝑖𝑛𝜔𝑑
𝐸𝑠 (𝑡) 𝐴𝑠 𝑒 𝑖𝜃
− +
2
𝑐0 [21]
=
=
𝑇(𝑛)
∗
𝑒
𝐸𝑟 (𝑡) 𝐴𝑟 𝑒 𝑖𝜙

where 𝐴𝑠 (𝑡) and 𝐴𝑟 (𝑡) are the amplitudes of the sample and the reference, respectively,
𝜃 and 𝜙 are their respective phases, 𝑇(𝑛) is the transmission of the THz through the
sample as a function of the index of refraction 𝑛, 𝛼 is the absorption, d is the thickness of
the sample, 𝜔 is the frequency dependency, and 𝑐0 is the speed of light in a vacuum. The
phases 𝜃 and 𝜙 are found by unwrapping 𝐸𝑠 (𝑡) and 𝐸𝑟 (𝑡); time-domain measurements
entail this information necessarily. If the thickness of the sample d is known, the
calculations are straightforward. The index of refraction 𝑛 requires the difference of the
phases
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𝑛(𝜔) = 1 +

𝑐
(𝜃(𝜔) − 𝜙(𝜔))[22]
𝜔𝑑

The transmission 𝑇(𝑛) can then be computed

𝑇(𝜔) =

4𝑛(𝜔)
[23]
(𝑛(𝜔) + 1)2

From this, the absorption 𝛼 is found

𝛼𝑑 = −2 ∗ log [

𝐸𝑠
1
∗
] [24]
𝐸𝑟 𝑇(𝑛)

Lastly, the complex dielectric function 𝜖 is found from the real part of the index of
refraction 𝑛𝑟𝑒𝑎𝑙 and the absorption 𝛼
𝜖(𝜔) = (𝑛𝑟𝑒𝑎𝑙 + 𝛼𝑖)2 [25]
THz spectroscopy, as well as imaging, has limitations. It is highly absorbed by
water; it is highly reflected by metals, which is not always useful; and data acquisition
can take considerable time. As discussed in Section 2.3.3, detection of a THz pulse
requires not only piecemeal mapping of the electric field as the optical delay rail scans
the pulse through the probe but also repeated scans in order to average out the random
errors caused by noise in the equipment and external vibrations. Water absorption and
metallic reflectivity are inherent to the THz portion of the electromagnetic spectrum and,
accordingly, will always be a limitation. Lengthy data acquisition, however, is a
fundamental problem of power. To that end, this thesis begins an investigation of a novel
THz source: Broadband Electromagnetic Radiating Superconducting Transient (BERST)
antenna arrays.
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3. HIGH-TEMPERATURE SUPERCONDUCTORS AND THz
The predominant characteristic of superconductivity is the complete absence of
electrical resistance in the material at some temperature 𝑇 below the critical temperature
𝑇𝑐 , where 𝑇𝑐 is material specific (Lorenz and Chu, 2004). The resistivity of a
superconductor has been measured to be below 10−27 Ω − 𝑐𝑚, a remarkablly trivial
number when compared to an excellent conducting material such as copper which has a
resistivity of 10−9 Ω − 𝑐𝑚 (𝑆𝑎𝑥𝑒𝑛𝑎, 2012). The phenomenon was first recorded in 1911
by Dutch physicist Heike Kamerlingh Onnes when he observed that the resistance in
liquid mercury abruptly dropped to zero when cooled to the temperature of liquid helium,
4 K. Over the next four decades, other materials were discovered that possess the
property of zero resistance below some critical temperature 𝑇𝑐 , but it was not until 1957
that a complete quantum mechanical theory was developed by three scientists, John
Bardeen, Leon Cooper, and John Schrieffer. Their theory became known as BCS Theory,
and in 1972, their revolutionary insight procured the three scientists a Nobel Prize.
The BCS theory says that a DC current induced in a superconducting material that
is cooled to a temperature below 𝑇𝑐 will remain indefinitely, awarding it the name
“persistent current.” The existence of the persistent current is the result of the conducting
electrons becoming condensed into a coherent, ordered state which extends over a long
distance as compared to the lattice spacing of the material. Phonons in the lattice produce
an attractive potential between pairs of electrons with opposite spin that is slightly greater
than the repulsive Coulomb potential, allowing conducting electrons to bind into pairs,
referred to as Cooper pairs. These Cooper pairs are bosonic in nature, and the collection
of Cooper pairs form a coherent bosonic condensate. The long-term ordering of the
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bosonic condensate ensures that any local variation in the lattice with energy less than
2Δ0 (Δ0 is the energy gap between the lowest energy state of a normal electron and a
superconducting electron at 0 K) is insufficient to break any single pair of
superconducting electrons, thus helping to keep the entire system in this lowest and
ordered state.
Even as Cooper, Bardeen, and Schieffer were accepting their Nobel Prize, the
superconducting state had still only been observed in materials that were quite cold,
below 23 K or so. In 1986, Alex Müller and Georg Bednorz discovered superconductivity
in an insulating cuprate, lanthanum barium copper oxide, at approximately 30 K. Shortly
thereafter, it was discovered that replacing lanthanum with yttrium enabled the
superconducting state in YBCO to exist up to 𝑇𝑐 ≃ 90 K. Now, the superconducting state
can be reached in the laboratory without the use of liquid helium, making YBCO an
important development for two reasons. First, expensive liquid helium is not necessary
for superconducting experiments, at least with regard to the so-called high-temperature
superconductors like YBCO. Liquid nitrogen, which boils at 77 K and is far cheaper to
produce, can be utilized, affording more scientists the opportunity to probe this area of
solid state physics. The second reason simultaneously motivates more scientists to join
the field: the BCS Theory turns out to be an incomplete description of superconductivity
in high-temperature superconductors.
With the incompleteness of the BCS Theory now apparent, scientists and
engineers have been working to develop a theory of high-temperature superconductors
(HTSC). This fundamental research often couples with developing applications. The
current work of this thesis focuses specifically on YBCO as a novel THz source. In
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Section 3.1, I will show the distinction between type-I and type-II superconductors
through the Ginzburg-Landau formalism. In Section 3.2, I will introduce some of the
current research areas uniting THz radiation high-temperature superconductors with an
emphasis on THz generation from YBCO. In Section 3.3, I will describe the novel
approach to THz generation from YBCO rings and describe our experimental
considerations.
3.1 Background: Type-I/Type-II Distinction
High-temperature superconductors are a dominant subset of what is now referred
to as type-II superconductors. Although a higher 𝑇𝑐 is associated with type-II
superconductors, this can be considered an emergent property. In general, the type-I/typeII distinction comes down to how the superconductor responds to an external magnetic
field. When a superconductor is in an external magnetic field at 𝑇 > 𝑇𝑐 , the magnetic
field penetrates the material, which is the expected classical result. As the material is
cooled to 𝑇 < 𝑇𝑐 , the magnetic field is expelled. This is known as the Meissner effect,
and it distinguishes superconductors from perfect conductors. For type-I superconductors
the effect is complete until some magnetic field strength 𝐵 > 𝐵𝑐 , at which point the
magnetic field breaks the superconducting state. Type-II superconductors have a
transition state in between the superconducting and normal states, bounded by two
critical magnetic field strengths, a lower bound 𝐵𝑐1 and an upper bound 𝐵𝑐2. So, at 𝑇 <
𝑇𝑐 and 𝐵 < 𝐵𝑐1, a type-II superconductor exhibits a complete Meissner effect. At 𝐵𝑐1 <
𝐵 < 𝐵𝑐2, the material is in a mixed state, and beyond that, the superconducting state is
once again broken. The mixed state consists of quantized threadlike magnetic field lines
that penetrate the material in a periodic array.
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To provide a formal distinction, we need to briefly examine the Ginzburg-Landau
(GL) theory of superconductivity. This theory was originally proffered as a
phenomenological theory, a macroscopic description that subsumed the microscopic
physicists, though it was later shown that this approach is derivable from BCS theory for
type-I superconductors (Patterson and Bailey, Solid State Physics Textbook, chapter 8).
We are interested in the contributions made by Abrikosov, who extended GL theory to
show that there are two types of superconductors with distinct properties. GL theory, a
subset of Landau theory, is, in general, beyond the scope of this work, so let it suffice that
some fundamental results are stated and interpreted.
First, following (Patterson and Bailey, 2010) directly, we have the free energy 𝐹
(in cgs units)
1

1

2

2𝑚

𝐹𝑠 (𝑟) = 𝛼|Ψ|2 + 𝛽|Ψ|4 +

ℏ

𝑞𝑨

𝑖

𝑐

∗ |( ∇ −

2

) Ψ| + 𝐹𝑁 +

ℎ2
8𝜋

[26]

where N and S refer to normal and superconducting phases. The coefficients 𝛼 and 𝛽 are
phenomenological coefficients, ℎ2 /8𝜋 is the magnetic energy density, 𝑨 is the vector
potential for h, 𝑚∗ = 2𝑚 (for pairs of electrons), 𝑞 = 2𝑒 is the charge and is negative for
electrons, and Ψ is the complex superconductivity wave function (or order parameter, not
to be confused with the wave function that is the solution to the Hamiltonian of the
system). The superconducting transition occurs when 𝛼 = 0. 𝐹𝑠 is regarded as a
functional of Ψ and 𝑨, and, following the calculus of variation which seeks the minimum,
we first set 𝛿𝐹𝑠 /𝛿Ψ∗ = 0, giving the first Ginzburg-Landau equation
1

ℏ

[2𝑚∗ ( 𝑖 ∇ −

𝑞𝑨 2
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) + 𝛼 + 𝛽|Ψ|2 ] Ψ = 0 [27]
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For 𝛿𝐹𝑠 /𝛿𝑨 = 0, the second GL equation for current density is
𝑐

𝑞2

qℏ

𝒋 = 4𝜋 𝛁×𝒉 = 2𝑚∗𝑖 = (Ψ∗ ∇Ψ − Ψ∇Ψ∗ ) − 𝑚∗𝑐 Ψ∗ Ψ𝑨 [28]
𝑞

𝑞

= 𝑚∗ |Ψ|2 (ℏ𝛁𝜙 − 𝑐 𝑨) [29]
where Ψ = |Ψ|𝑒 𝑖𝜑 and 𝜙 is the electric potential. Notice that we are only considering the
phase contribution to Ψ and not a spatial contribution. This is for simplicity.
3.1.1 Penetration Depth
We let |Ψ|2 = 𝑛𝑠 , the number of superconducting electrons. Now, 𝑱 is the average
of j and so the average of h gives B, leaving us with the London equation
𝑐

𝛁×𝑱 = − 4𝜋𝜆2 𝑩 [30]
𝐿

where
𝑚∗ 𝑐 2

𝜆2𝐿 = 4𝜋𝑛

𝑠𝑞

2

[31]

where 𝜆𝐿 is the London penetration depth. It is easy to show this is a penetration depth.
From Maxwell’s equations
𝛁×𝑩 =

4𝜋
𝑐

𝑱 [32]

and combining with [30]
1

𝛁×(𝛁×𝑩) = − 𝜆2 𝑩 [33]
𝐿

with the standard vector identity and the fact that 𝛁 ⋅ 𝑩 = 0, we have
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1

∇2 𝑩 = 𝜆2 𝑩 [34]
𝐿

For the case of a normal conductor at 𝑥 > 0 and a superconductor at 𝑥 < 0 with a
magnetic field at 𝑥 = 0 with magnitude 𝐵0, the solution is an exponentially decaying
function in which 𝜆𝐿 determines how quickly the function goes to zero:
𝑥

𝑩(𝑥) = 𝑩0 exp(− 𝜆 ) [35]
𝐿

For a very thin film, then, the Meissner effect will not hold; for bulk materials, 𝜆𝐿
measures how deeply an external magnetic field will penetrate a material when it is in the
superconducting state and undergoing the Meissner effect.
3.1.2 Coherence Length
Once again, following Patterson and Bailey, we first consider [26] in the absence of
magnetic fields, A = 0. In one dimension,
ℏ2

𝑑2

(− 2𝑚∗ 𝑑𝑥 2 + 𝛼 + 𝛽|Ψ|2 ) Ψ = 0 [36]
Ψ

𝛼

Let 𝑓 = Ψ and Ψ0 = √− 𝛽. Then,
0

ℏ2

𝑑2

(− 2𝑚∗ 𝑑𝑥 2 + 1 − |f|2 ) f = 0 [37]
When f has no gradients | f | = 1, which corresponds to being well inside the
superconductor. Assuming a boundary at x = 0 between a normal and a superconductor,
then f = 1 and Ψ → Ψ0 as 𝑥 → ∞.
Defining
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ℏ2

𝜉 2 (𝑇) = − 2𝑚∗𝛼 [38]
and letting f = 1 + g, where g is small, then
𝑑2 𝑔

𝜉 2 (𝑇) 𝑑𝑥 2 + 1 + 𝑔 − (1 + 𝑔)(1 + 𝑔)2 = 0 [39]
Keeping only first order terms since g is small gives
𝑑2 𝑔

𝜉 2 (𝑇) 𝑑𝑥 2 − 2𝑔 ≅ 0 [40]
which has a solution
√2𝑥

𝑔(𝑥) ≅ exp(− 𝜉(𝑇)) [41]
Acknowledging Ψ0 as a characteristic value, we see that the wave function attains its
characteristic value in a distance 𝜉(𝑇). The coherence length measures the “range” or
“size” of the Cooper pairs.
We now have the two necessary parameters to draw a distinction between two
classes of superconductors. For 𝜅 =

𝜆𝐿
𝜉

<

1
√2

(in cgs units), we have a type-I

superconductor. Alternatively, GL predicted type-II superconductors to have 𝜅 =
1

𝜆𝐿
𝜉

>

, a regime of negative surface energy.

√2

3.1.3 Persistent Current
We need to consider how to setup a persistent current in a ring made of a
superconducting material (either type-I or type-II, the result is the same for the small
external magnetic field regime). We look at the case of a ring made of superconducting
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material that encloses an area A. At temperature 𝑇 > 𝑇𝑐 , the ring is placed in a static
magnetic field 𝑩0 that is perpendicular to the plane of the ring, giving a magnetic flux
through the ring of 𝜙𝑚0 = 𝐵0 𝐴. The ring is cooled below critical temperature, which has
no effect on the flux. Now, the magnetic field is turned off. From Maxwell’s equations,
we have
𝜕𝑩

𝛁×𝑬 = − 𝜕𝑡 [42]
In integral form, applying Stoke’s Theorem on the left hand side and pulling the time
derivative outside on the right,
𝜕𝑩

∯ 𝛁×𝑬 𝑑Σ = ∮ 𝑬 ⋅ 𝑑𝒍 = − 𝜕𝑡 ∯ 𝑩 ⋅ 𝑑𝚺 [43]
The middle term is simply a potential drop around the ring,
∮ 𝑬 ⋅ 𝑑𝒍 = − 𝑉𝑒𝑚𝑓 [44]
There are free charge carriers in the form of Cooper pairs, which, in response to an
electric potential, must move, i.e. form a current I. There is no resistance in the material,
but there is a self-inductance L. Putting this together
𝑑𝐼

𝑑𝐵

−𝑉𝑒𝑚𝑓 = −𝐿 𝑑𝑡 = −𝐴 𝑑𝑡 [45]
Integrating this gives
𝐿𝐼 + 𝐵0 𝐴 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 [46]
LI is the amount of flux passing through the ring due to the current I (by definition of
“inductance”) and so the total magnetic flux is just the sum of all contributions (external
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source and inductive source), which is constant. Therefore, there is now a steady current I
inside the ring, and given that there is no resistance, there is nothing acting to diminish
the magnitude of this current and so it will persist indefinitely until it meets a resistance
or until the magnetic field strength becomes too great. The persistence of this current can
be verified by measuring the magnetic field produced by the current with a magnetometer
placed at the center of the loop. The strength of the magnetic field produced by the
current will be constant weeks, months, even years after the initial induction.
In summary, type-I superconductors demonstrate the Meissner effect completely,
have a low critical field threshold, and have a low critical temperature. Type-II
superconductors demonstrate the Meissner effect completely only below some critical
magnetic field 𝐵 < 𝐵𝑐1. A field 𝐵 > 𝐵𝑐2, the upper critical field, destroys the
superconducting state. A field 𝐵𝑐1 < 𝐵 < 𝐵𝑐2 constitutes a mixed state in which the
magnetic field lines penetrate the superconductor in a periodic, threadlike array. Each
threadlike penetration contains a flux quantum of magnetic field of specific value, given.
3.2 Applications Thus Far
High-temperature superconductors have found their way into the study of
metamaterials, artificial materials in which the observed macroscopic properties are
seemingly more than the sum of their constituent parts. The most widely known
metamaterial is the split ring resonator (SRR), a ring of conducting material on the order
of hundreds of microns with a gap. SRRs are formed into an array, where each SRR
constitutes a macroscopic unit cell. These metamaterials can be tuned to produce
interesting magnetoelectric effects including negative permeability or negative
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permittivity, or both, as well as a host of nonlinear effects that cannot be realized with
natural materials. Incorporating superconductors into the design provides unique
advantages to future development, including: 1) low loss, 2) compact-dimensions, and 3)
new opportunities for nonlinearity, tuning, and switching behavior (Jung et al, 2014).
Many superconductors can carry large current densities, and, due to an absence of
resistance, these large currents can be maintained indefinitely in superconducting rings.
This has led to the development of superconducting magnets that are high-intensity and
compact. In general, superconducting magnets offer a more stable and homogeneous
magnetic field than permanent magnets. These devices have found their way into
magnetic resonance imaging and high energy physics (Saxena, 2012).
Superconductors have found application as sensitive detectors in many different
forms. Of notable interest is the current emphasis on developing devices for the THz
regime. Already, researchers been incorporating several devices into their experimental
work, including transition edge sensor (TES), the superconductor hot electron bolometer
(HEB) mixer, and the superconductor-insulator-superconductor (SIS) detector and mixer
(Kawayama et al, 2013). Current research in the field seeks to develop novel detectors,
and more importantly for the work of this thesis, novel THz sources.
A superconducting photoswitch made of high-temperature superconducting thin
film has been investigated (Jukna and Sobolewski, 2003). The antenna consists of
epitaxial 200 nm thick YBCO films laser deposited on MgO substrates and patterned into
8 mm long and 150 mm wide coplanar transmission lines with a single 50 micron long
and 25 micron wide microbridge shunting the coplanar transmission lines with a DC bias.

39

The DC bias is applied repetitively as a nanosecond transient while the microbridge is
excited with picosecond optical pulses. The emitted radiation is in the 2-8GHz regime as
a high-intensity and high-repetition-rate electrical signal. The work has been extended by
exciting with fs pulses and steady DC bias by Tonouchi et al, where the resulting
radiation was measured to be an electromagnetic pulse in the THz regime.
3.3 Broadband Electromagnetic Radiation from Superconducting Transients (BERST)
Arrays
The work of this thesis will build upon the work of (Bulmer et al, 2015) in which
a new approach to antenna design was first proposed. Their preliminary work has focused
on frequency domain measurements of the electromagnetic radiation emitted from an
intrinsically doped YBCO ring triggered with an ultrafast laser pulse. The antenna design
is called a BERST antenna (Broadband Electromagnetic Radiation from Superconducting
Transients). To date, a single BERST antenna has been tested in the frequency domain
with the emitted radiation extending to 30 GHz, though it is believed that this upper
threshold is limited by the detector, not the antenna design. It is anticipated that a
decrease in the size of the antenna and combining many rings into an array will produce
even wider band electromagnetic radiation, extending through the THz regime. Before
the BERST arrays are explored, I would first like to recount the preliminary work on a
single BERST antenna ring.
3.3.1 Preliminary Investigation of BERST Antenna Rings
Intrinsically doped YBCO is formed into a ring on the order of a centimeter in
diameter on a sapphire substrate. The YBCO ring is placed in an insulating cup and
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cooled with liquid nitrogen below 𝑇𝑐 . A steady magnetic field is normal to the plane of
the YBCO ring, and an ultrafast laser pulse is incident uniformly on the ring. The laser
pulse breaks Cooper pairs, inducing a superconducting-to-normal transition. The ring
moves back from the normal state to the superconducting state in the presence of the
magnetic field, inducing a persistent current. An additional ultrafast laser pulse is then
incident on the ring, breaking Cooper pairs and inducing, once again, a superconductingto-normal transition. This time, though, there is a persistent current which is now met
with resistance, producing a modulation on the order of a picosecond before the system
relaxes and the Cooper pairs recombine. A current modulation on the order of a
picosecond corresponds to the generation of an electromagnetic transient in the GHz to
THz regime. Both point illumination and uniform illumination of the ring have been
tested. Preliminary results from Bulmer et. al follow. The measurements are for a single
shot experiment, utilizing a 65 GHz oscilloscope and two horn antennas (antenna 1 is a 118 GHz horn, antenna 2 is a 15-45 GHz horn). The laser pulse is a 120 fs Ti:sapp at 808
nm and has 1 mJ of pulse energy.
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Figure 14. Radiated spectral energy density from point illumination of a YBCO ring with
its persistent current modulated by an ultrafast laser pulse. The red bars correspond to
harmonic frequencies. (Bulmer et al, 2015)
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Figure 15. Radiated spectral energy from uniform illumination of YBCO ring with its
current modulated by an ultrafast laser pulse. (Bulmer et al, 2015)
It is suggested that this new method may have advantages over the microstrip
methods, namely, the avoidance of the impedance mismatch by having the electric
current isolated in the ring as a persistent current. Impedance mismatch is an inherent
problem in UWB designs. Preliminary analysis suggests that tuning may be achieved by
changing the laser pulse illumination pattern on the ring, though ring geometry/size may
prove to be more influential. As was already noted, high-current density may be more
easily realized in a high-temperature superconductor than other materials. This energy is
then stored, completely isolated, until it needs to be accessed via the modulation of the
current with an ultrafast laser pulse.
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3.3.2 BERST Arrays and THz Transient Pulses
This thesis aims to extend the investigation of the BERST antenna. Our
experiment is distinct in three ways: 1) We will study arrays of BERST antenna rings, as
seen in Figure 16. 2) The YBCO rings that comprise the array will be orders of
magnitude smaller than those previously studied. 3) With the anticipation that the
electromagnetic transient emitted from the BERST array is in the THz regime, we will
employ electro-optic sampling in order to directly measure the electric field of the
transient waveform in the time-domain.
Of fundamental interest is the impact of the geometry of the BERST array on the
electromagnetic transient that is produced. Naturally, we will explore various YBCO ring
diameters, widths, and ring spacings. As an extreme of the characteristic BERST array,
we will consider an array in which theYBCO rings are each on the order of 10 microns in
diameter. The substrate will always be sapphire. One array is on the order of 1000
microns by 1000 microns. Figure 16 shows one of the more densely packed BERST
arrays with 13 x 13 YBCO rings placed 50 microns apart.
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Figure 16. A BERST antenna array composed of 13 x 13 YBCO rings on a sapphire
substrate with close spacing between the rings. These YBCO rings are 100 𝜇𝑚 outer
diameter and 90 𝜇𝑚 inner diameter for a width of 10 𝜇𝑚. The space between each ring is
50 𝜇𝑚 from the outer surface of a ring to the outer surface of the adjacent ring. Other
arrays feature different ring diameters (outer and inner) and different ring spacings.
The differences between our experiment and the preliminary work by Bulmer et
al. has led to some interesting differences in experimental challenges. As the photograph
shows, the individual rings are 0.01 cm in diameter, as compared to the preliminary tests
conducted with a ring with an order of magnitude of centimeter in diameter. The size
difference makes it difficult for us to distinguish point illumination from uniform
illumination, as was previously done. Additionally, there are concerns regarding the
induced supercurrents in each ring. The solenoid needs to be of sufficient size and
distance from the BERST array to ensure a uniform magnetic field. Finally, in regards to
the array, just as the response of a metamaterial is something other than an average of the
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response from the constituent materials, the BERST array may have a more varied
response than anticipated due to unforeseen interactions that were not present in the
single-ring study.
There are possible complications due to the ultrafast laser that we employ. Instead
of single shot measurements, our time-domain detection method requires many THz
pulses per second. The repetition rate of the Coherent Micra 10 is 80 MHz, or 80 million
ultrafast pulses per second. This corresponds to 80 million THz pulses per second. Our
detection method relies on the static magnetic field recharging the rings with every
incident pulse, as predicted by Bulmer et al. If the rings do not recharge, we cannot make
a time-domain measurement. Of course, if we can make a time-domain measurement, we
will have direct access to the electric field of the THz waveform, as prescribed in Chapter
2.
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4

EXPERIMENTAL SETUP AND RESULTS
In section 4.1, I will give a brief overview of the equipment used for generation,

detection, and data collection as the system is validated with a known THz source, pInAs. Then, I will walk the reader through the tabletop optics pictorially. In section 4.2, I
will close with the state of the experiment, pending design considerations, and anticipated
measurements.
4.1 Validation of EO Detection with InAs
The success of THz time domain detection rests on the precision of the alignment
of the optical elements on the tabletop breadboard, synchronization of the timing between
the probe and pump beams, and the optimization of the detection equipment. By starting
with a known THz source, we can guarantee the last two points have been satisfied, as
well as get some good practice on the first point. We chose p-doped InAs as the test
source for the convenience lent by the photo-Dember effect as discussed earlier that there
is no fabrication required. When an ultrafast laser pulse is incident on a sample of pdoped InAs, an effective dipole is induced due to the difference in mobilities of the holes
and the electrons. This dipole moment is time-varying, and, according to Maxwell’s
equations, radiates. The relaxation time of the charge carriers corresponds to the
generation of a THz pulse. Furthermore, InAs is highly reflective, so that the pump beam
reflects with little dispersion in the direction of the THz pulse, making it a convenient
alignment marker for the otherwise invisible THz pulse.
EO detection is utilized for the aforementioned strengths (Section 3.2) with a
ZnTe crystal oriented in the <1 1 0> direction as the birefringent material. Refer to Figure
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16 for the experimental schematic. The output from the photodetector is passed to a lockin amplifier that is synchronized with an optical chopper. The optical chopper chops the
pump beam at 2 kHz, chopping the THz beam at the same frequency. The lock-in then
modulates the signal from the photodetector at this frequency to suppress noise and
amplify the signal. Even still, these measurements are inherently noisy. The final step is
to capture data for multiple passes of the THz beam through the probe beam and to
average the data (Section 3.3).
Conventional methods for THz generation and detection serve many purposes
quite well, notably spectroscopic studies of optical conductivity, absorption,
transmission, and charge carrier relaxation times (Tounochi, 2009). However, these
techniques produce THz with low average power, reducing the signal-to-noise ratio
(SNR) and necessitating that multiple passes are captured and averaged. BERST antenna
arrays propose to produce up to six times more power, greatly reducing the amount of
time required to capture data and making real-time THz imaging a possibility.
4.2 Experimental Setup
A diagram of the optical breadboard highlights the primary optical elements and
traces out the actual paths of the pump, probe, and THz beams (Figure 16). The THz
source material sits in a cryostat such that the sample plane is rotated 45 ° from normal
incidence. Our initial validation tests used a Ti:Sapph oscillator from a Coherent Micra10, which has a pulse width of approximately 15 fs, a center wavelength of 810 nm, 80
MHz repetition rate, and up to 600 mW of average power.
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Figure 17. Overhead schematic of the optical breadboard highlighting the paths of the
probe, pump, and THz beams.
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The following photographs walk the reader through the actual paths taken by the
probe, pump, and THz beams.

Figure 18. The 15 fs laser pulse with center wavelength 810 nm exits the Micra-10 laser.

Figure 19. The pulse passes through a polarizing beam splitter which divides it into two
beams. The pump beam (orange) is used to photoexcite the sample. The probe beam
(yellow) is used to measure the radiation that the sample emits. The half-wave plate just
before the beam splitter controls the relative average power of each beam; typically, 90%
of total power is put into the pump beam and 10% is put into the probe.
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Figure 20. A delay stage is used to control the timing. By changing the optical path length
that the pump beam travels, the arrival time of the pump pulse is varied. The pump beam
path length is nearly identical in length to the probe beam path length. The delay stage
moves through a distance on the order of the temporal span of the ultrafast pulse.

Figure 21. An optical chopper is used in conjunction with a lock-in amplifier to improve
the signal-to-noise ratio. The chopper modulates the pump beam at 2 kHz. A lens focuses
the pump beam just before it is incident the sample (THz emission source) inside of the
cryostat. The sample emits radiation (green) that is modulated at a frequency equal to that
of the chopper.
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Figure 22. A sample of p-doped InAs (THz emitter) is being used to validate and
optimize the electro-optic detection setup. The sample is placed on a cold finger inside of
a cryostat. The emitted radiation (green) is collected with gold plated parabolic mirrors.
Once the system is optimized, the p-InAs will be replaced with a BERST HPM-THz
antenna device. Incident radiation is 45 degrees and emitted radiation is collected at 45
degrees.

Figure 23. Gold plated parabolic mirrors guide the emitted radiation to the ZnTe,
inducing a second-order phase shift in the index of refraction of ZnTe. The probe beam
passes through the ZnTe, experiencing the second-order shift. A quarter wave plate is
used to balance the S and P components of the probe beam prior to the experiment. A
pellicle beam splitter is used to overlap the probe beam and the emitted radiation.
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Figure 24. A Wollaston beam splitter splits the probe beam into S and P polarizations.
After passing through the ZnTe, the probe beam components become imbalanced such
that S =/=P, and the difference is measured with a balanced photodector in A-B mode.
The resulting signal is passed to the lock-in and recorded. By moving the delay rail, the
pump beam (and consequently the emitted radiation) is moved through the probe beam
and the emitted radiation waveform is temporally sampled.

Figure 25. Top left: LabView interfacing software. Also pictured: Oscilloscope, chopper
control box, lock-in amplifier, and power meter.
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In Figure 25, one can see the collection of equipment that we use to diagnose the
quality of the ultrafast laser pulse and to collect the input signal from the photodiodes that
represents the magnitude of the electric field of the THz pulse in the time-domain. The
bottom left shows the power meter for the ultrafast laser pulse. Top right shows the
output of the ultrafast laser pulse on an oscilloscope. The power meter is used as a broad
measure of the integrity of the ultrafast laser pulse while the oscilloscope is a closer look
at the stability of the modelocked state of the laser inside of its cavity.
The bottom right of the above picture shows the lock-in amplifier and, directly
above it, the controller box for the optical chopper. The difference between the signal
generated by each of the photodiodes is taken and this difference signal is fed into the
lock-in amplifier that is coupled to the optical chopper. The lock-in, then, sends the
improved signal to the computer for data collection. LabView software, seen in the top
left and zoomed in below, was designed to collect the data and to display a time-domain
plot of the THz pulse.
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Figure 26. The interface of the LabView software that collects the data of the THz pulse.
Initial measurements of p-doped InAs suggests that the system is not yet
optimized; however, it is functional (Figure 27). Later tests have shown that the jitter in
the Micra-10 laser used as the pump and probe in the experiment has been the significant
factor in this low SNR. A new laser has been installed in the laboratory to finalize the
optimization process and begin measurements on the BERST antenna arrays. The new
laser, a Coherent Chameleon, is tunable, opening up the possibility for frequency
dependent experiments to be conducted. Preparations are being made to install a window
on the cryostat and cool the InAs to 77 K in an effort to verify the temperature control
box and the vacuum pump. The window is made from a synthetic polymeric material
called TOPAS, which is known to be transparent in both the optical and THz regime, a
necessary condition for both pumping the THz source and detecting the outward
emanating THz pulse.
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Figure 27. Top: Time-domain measurement of the THz pulse emitted from p-doped InAs
and triggered with an ultrafast pulse with an 800 nm centerwavelength and 40 nm
FWHM. Bottom: FFT of the time-domain measurement.
4.3 Forthcoming Experimental Measurements and Conclusion
Testing p-doped InAs under vacuum at 77K completes the validation and
optimization process. Upon successful completion, a BERST antenna array and solenoid
will be installed in and behind the cryostat, respectively. A steady-state DC current
through the solenoid will create a static magnetic-field. Magnetometric measurements are
being carried out to verify that BERST arrays can be both charged (i.e., a current is
induced) and discharged (i.e., triggered and emits radiation) by each pulse and that the
process is repeatable indefinitely, as time-domain measurements rely on the
reproducibility of the THz pulse from the source.
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At this point, the characterization of the THz pulse from the BERST arrays can
begin. Initial measurements will focus on the time-dynamics of the emitted THz
radiation, including its dependency on the magnitude of the persistent supercurrent as
controlled by the flux created from the solenoid. Once the THz waveform has been
obtained, we will have established a baseline. Then, we will explore temperature
dependence, the dependence on the power of the ultrafast laser pulse, the direction of
incident excitation, and the direction of emission. Ideally, in future work, we would
install the cryostat on a rotating stage so that we can completely specify radiation
pattern’s angular dependence.
Additional work to support the experimental time-domain measurements include
a model of the magnetic field from the solenoid in COMSOL, which can be compared to
physical measurements of the actual solenoid using a Gaussmeter. Future work includes
adding a ring antenna made of YBCO to the model, setting the foundation for an entire
BERST array to be inductively charged in the simulation. Computational difficulty may
arise if the researchers wish to add the ultrafast pulse to the simulation, but the possibility
is there for a complete working simulation. Additional theoretical approaches are being
considered to reinforce the predictability of the system.
At the time of writing, researchers are attempting to reproduce the inductive
charging methods employed by Bulmer et al, 2015.
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